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Abstract: The band gaps and electronic structure of un doped fi lms 
of molecular icosahedra of closo-1-phospha-2 carbadodecaborane 
(1,2-PCB10H11) are reported. 1,2-PCB10H11 adsorbs on Au and 
Ag substrates to generate mo lecular thin fi lms with the Fermi 
level(chemical potential) placed closer to the lowest unoccupied 
molecular orbital than has been observed with closo-1,2-dicarba-
dodecaborane (1,2-C2B10H12, orthocarborane) adsorbed on Co, 
Cu or Ag. Both 1,2-PCB10H11 and 1,2-C2B10H12 molecular fi lms 
exhibit an unoccupied molecular defect state above the Fermi lev-
el. The vibrational modes, observed in infra-red absorption, are 
close to the values expected for the isolated 1,2-PCB10H11 mole-
cule. Consistent with the placement of the Fermi level in the mo-
lecular fi lms, fabrication of heterojunction diodes from partially 
dehydrogenated 1,2-PCB10H11 indicates that the resultant PCB-
10Hx semiconductor fi lm is more n-type than the corresponding 
boron carbide semiconductor formed from 1,2-C2B10H12, ortho-
carborane. 
Introduction 
The ability to generate semiconducting grades of boron 
carbide by plasma enhanced chemical vapor phase de position 
(PECVD) of carboranes permits the development of corrosion 
resistant, high temperature devices with many applications in-
cluding neutron detection [1–7]. It is now clear that these bo-
ron carbides, of approximate stoichiome try “C2B10Hx” (where 
x represents up to ~ 5% molar fraction of hydrogen), exhibit a 
range of electronic properties (e. g., p-type or n-type) presum-
ably as a result of differing elec tronic structures originating in 
differences in polytype (mo lecular structure) [7, 8]. 
These fi lms may be doped “conventionally” with dopants 
such as iron [9–12], vanadium [12], chromium [12] and nick-
el [12–16], however, main group doping has not been so suc-
cessful. The diffi culties in using main group elements as dop-
ants in semiconducting boron carbides led to the ex ploration 
of the dimeric complex phosphorus bridged ortho carborane 
(1,2-C2B10H10PCl)2 [8, 14] as a precursor with ‘built–in’ dop-
ant (P). Although this produced a boron car bide with a signif-
icantly larger band gap than the undoped material, phospho-
rus inclusion was disappointingly variable and never higher 
than 3%, suggestive of loss during deposi tion [8, 14]. Since 
“C2B10Hx” is undoubtedly built up of icosa hedral cages, we 
felt that a precursor that contains a phospho rus atom as an in-
tegral part of an icosahedral cage structure might prove more 
satisfactory in regard to phosphorus incor poration in the fi nal 
fi lm and led us to consider the use of 1,2-PCB10H11 as a pre-
cursor. 
We have shown that although the molecular fi lms of differ-
ent isomers of closo-dicarbadodecaborane (C2B10H12) appear 
to show similar gaps between the highest occupied molecu-
lar orbital (HOMO) and lowest unoccupied molecu lar orbital 
(LUMO), the placement of the chemical poten tial in metacar-
borane fi lms (closo-1,7-dicarbadodecaborane, 1,7-C2B10H12) 
differs signifi cantly from 1,2-C2B10H12 (orthocarborane) fi lms 
[7, 17]. This difference in the placement of the chemical po-
tential (Fermi level, EF) is diffi cult to un derstand, as both mol-
ecules have identical electron counts and symmetry. The dif-
ferences are also observed in the gas phase and thus may be 
an integral feature of orthocarborane and metacarborane mol-
ecules [17, 18]. A possible explanation for the difference in 
the placement of the chemical potential may be in part due to 
the presence of the carbon-carbon bond and the possibility of 
multiple bond character between the two car bon atoms [17, 
18]. Accordingly, the study described on an isoelectronic ana-
logue to 1,2-C2B10H12, viz 1,2-PCB10H11, which lacks a C–C 
bond will provide some insight into this matter. 
Herein, we compare thin layers of adsorbed molecu lar 
1,2-PCB10H11 on Au and Ag substrates with those of 1,2-
C2B10H12 as well as the related partially dehydrogenated bo-
ron carbide semiconductor fi lms formed by plasma en hanced 
chemical vapor deposition, from these two source molecules. 
By replacing carbon with phosphorus, the possi bility of mul-
tiple bond character between two vertex atoms is retained, but 
the C2v point group symmetry of 1,2-C2B10H12 is lifted (re-
duced to C1h). We show that some surprising dif ferences ex-
ist for these molecules, when adsorbed on metal surfaces. We 
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have previously reported that the electronic structure of car-
borane thin fi lms frequently provides indi cations of the likely 
band offsets exhibited by those of the boron carbide deposit-
ed by PECVD from the same carborane. This feature appears 
to be true of the properties of mo lecular thin fi lms of closo-
1-phospha-2-carbadodecaborane (1,2-PCB10H11) when com-
pared to the electronic properties of the doped boron carbide 
thin fi lms that can be generated by (partial) dehydrogenation 
of this source molecule, through PECVD. 
Experimental 
1,2-PCB10H11 was prepared in 41% yield by the method 
of Little and Todd from the reaction of Na3[CB10H11]and PCl3 
[19, 20]. The resultant pale yellow powder was sublimed at 
100 °C and 0. 01 mmHg to afford a white crys talline mass. 
Purity was confi rmed by NMR spectroscopy (and infra-red 
spectroscopy, as described later). Decaborane was purchased 
from Katchem [21]. THF was distilled from sodium/benzeph-
enone just prior to use. 
NMR spectra were obtained on a Bruker AVANCE400 
operating at 1H 400. MHz, 31P 161.9 MHz 13C 100.6 MHz, 
11B 128.4 MHz. Proton and carbon spectra were referenced 
to solvent, boron spectra to an insert of BF3 · Et2O (0.0 ppm) 
and phosphorus spectra to an insert of P(OPh)3 (126.5 ppm). 
NMR (C6D6): 
11B 9.7 (B12, JBH = 148 Hz), 2.6 (B9 JBH 151 
Hz), −0.9 (B8/10, JBH = 152 Hz), −7.3 (B7/11, JBH 167 Hz), 
−7.8 (B4/5, JBH = 158 Hz, JBP = 63 Hz), −12.0 (B3/6, JBH 
= 169 Hz, JBP = 47 Hz); 
31P{1H} −58.9 ppm; 1H/1H{11B} 
3.34(s, H12), 3.06 (s, H8/10), 3.03 (s, H9), 2.43 (s, H7/11), 
2.12 (d, H3/6, 2 JHP ~ 20 Hz), 2.10 (s, H4/5), 2.02(d, H2, 
2 
JHP = 14.5 Hz); 
13C{1H} 66.6 (1 JPC = 59 Hz). The assignment 
of the boron and proton resonances was con fi rmed by 11B-11B 
and 1H{11B}-11B{1H)COSY spectra. The 11B-11B COSY spec-
trum resolved both the proton and phos phorus coupling to B3-
B6 confi rming the assignment of their resonances determined 
through cross peak analysis. The num bering scheme is given 
in Fig. 1. 
The molecular thin fi lm sample preparation and sub sequent 
electron spectroscopy data acquisition were per formed in two 
UHV chambers, both with base pressures of 5 × 10−11 Torr. 
Film growth and substrate preparation has been described in 
detail elsewhere [22]. For the inverse photoemission studies, 
a Geiger–Müller detector fi tted with a SrF2 window of 9.5 eV 
pass energy was used in conjunction with an Erdman–Zipf 
electron gun [23]. The overall energy resolution was ~ 0.40 
eV. All IPES spectra were collected with the electron gun at 
normal incidence and the detector positioned at 45° off the 
surface normal. The acquisition of the photoemission spec-
tra has been described elsewhere [22], with the photoelectrons 
collected along the surface normal. The Fermi level was estab-
lished from the clean, well ordered Cu, Ag or Au substrate as 
appropriate. Photoemission spec troscopy data were taken us-
ing a photon energy of 65 eV using synchrotron radiation, dis-
persed by a 3m toroidal grating monochromator at normal in-
cidence to the fi lm, at the Center for Advance Microstructures 
and Devices. 1,2-PCB10H11 was deposited on both Ag and Au 
substrates cooled to 180 K, and admitted to both UHV cham-
bers through a standard leak valve at the base pressure of 2 × 
10−6 Torr. The 1,2-C2B10H12 was deposited on both Cu(100) 
and Ag substrates, also cooled to 180 K, and admitted to both 
UHV chambers through a stan dard leak valve at the base pres-
sure of 2 × 10−7 Torr, as described elsewhere [7, 17, 22]. 
The solid 1,2-PCB10H11 samples were placed in a KBr 
pellet and the Fourier transform infrared absorption spec-
tra run with a globar source at the Center for Advance Mi-
crostructures and Devices, as described elsewhere [24]. 
The diodes were constructed using the process of PECVD 
(plasma enhanced chemical vapor deposition) as described for 
the heterojunction [1–4, 15, 16] and homojunction diodes [13] 
of boron-carbide as well as diodes made from two polytypes 
of boron-carbide [5–7], but with only carboranes and argon as 
the plasma reactor gases. 
Crystallographic data and structure 
of the molecular solid
Data were collected using a Siemens P4 diffrac tometer at 
223 K on a colorless rhombahedron mounted on a glass pin. 
Following data collection (Table 1), the structure was solved 
using Direct Methods in the cubic space group Pa-3. Like 
most simple icosahedral borane-based molecules, the mole-
cule was disordered which did not permit assignment of a par-
ticular atom type to the two independent positions present in 
this high symmetry space group. The structure was, therefore, 
refi ned using P, C and B atoms in the appropriate occupancy 
ratio (1 : 1 : 10) constrained to identical positional and ther-
mal parameters. Hydrogen atoms were identifi ed and their po-
sitional parameter refi ned using an 11/12 occupancy with the 
thermal parameter tied to the appropriate heavy atom. The 
molecular structure is shown in Fig. 1 with the two unique po-
FIGURE 1 The structure of closo-1-phospha-2-carbadodecaborane 
(1,2- PCB10H11) with the ellipsoids set at the 50% probability level 
and hydrogen atoms omitted for clarity. The unique positions are ar-
bitrarily labeled as P and C and the remaining atoms as B using the 
conventional numbering scheme. 
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sitions arbitrarily assigned as P and C and the remain ing at-
oms being labeled as B in the appropriate numbering scheme. 
Within the icosahedral structure there are thirty inter atomic 
bonds; one P–C bond, 4 P–B bonds, 4 C–B bonds and 21 B–B 
bonds. The high symmetry of the disordered struc ture results 
in only three unique bonding distances, 1.892(3), 1.8285(19) 
and 1.859(3)Å. Using bond distance data from the literature 
[25–32] obtained from less symmetric molecules, electron dif-
fraction data or molecules co-crystallized with hy drogen bond 
acceptors, one can estimate approximate values for these vari-
ous bonds. Averaging gives a value of 1.83 Å, close to the val-
ues found, as summarized in Table 1. 
The solid-state structure of 1,2-C2B10H12 has not been deter-
mined in the absence of hydrogen bonding accep tors, although a 
great deal of information is known about the temperature depen-
dent phases that this molecule ex hibits [33, 34]. Signifi cantly, the 
high temperature phases of 1,2-C2B10H12 exhibit isotropic and 
anisotropic molecu lar reorientations, a phenomenon known as 
plasticity, and an ordered phase is not observed until below 120 K. 
Only the high temperature phase (>310 K) is cubic (fcc, Z = 4, a 
= 9.855 Å) with the lower temperature phases exhibiting increas-
ingly lower crystal symmetry [33]. By contrast, the single crys-
tal structure of 1,2-PCB10H11 at 223K reveals a cubic space group 
Pa-3 (no. 205) with a = 9.7026(6)Å and four molecules per unit 
cell suggests that the increased asym metry of this molecule leads 
to a loss of plasticity, at least in the temperature range studied. 
As with other carborane cage molecules [35], the fi rst lay-
er of 1,2-C2B10H12 bonds to the Cu(100) substrate through the 
acidic hydrogens on carbon or partly dehydrogenates at the 
interface to bond directly via the carbon to the metal substrate 
[22]. 1,2-C2B10H12 lacks any apparent preferential orientation 
for coverages exceeding a monolayer [22]. Sur prisingly, how-
ever, on Co(111) some preferential orientation appears to be 
retained within the fi lm above the fi rst mono layer [36]. Thus, 
strong substrate interactions might lead to some limited orien-
tational preference, but the intermolecular interactions do not 
provide suffi cient orientational ordering in the molecular crys-
tal. Similar behavior may occur with 1,2-PCB10H11. 
The disorder found in the crystal structure of 1,2 PCB10H11, 
by X-ray diffraction, suggests that it is very un likely that any 
orientational ordering in thin fi lms of this material will be ob-
served in the bulk. 
Theory 
For the work described here, the ground-state en ergies were 
calculated using a PM3 model calculation with the HyperChem 
package as well as using modifi ed neglect of differential over-
lap (MNDO) [37, 38]. Similar semi-empirical calculations [7, 
17, 22, 39] have been found to provide good agreement with 
photoemission and inverse photoemission ex periments, in spite 
of the simplistic methodology and the fact that these are ground 
state calculations [18]. These semi-empirical calculations of oc-
cupied and unoccupied molecu lar orbitals were undertaken fol-
lowing geometry optimiza tion and the calculation of the low-
est restricted Hartree–Fock (RHF) energy states. Our calculat-
ed bond lengths of 1.809 Å for the average B–B bond, 1.7612 
Å for the average B–C bond, 2. 0488 Å for the average P–B 
bond and 2. 076 Å for the P–C bond agrees well with that ob-
tained from ab initio theory [40] derived values of 1.813 Å (B–
B), 1.777 Å (B–C), 2. 070 Å (P–B) and 2. 031 Å (P–C). The 
weighted average of bond lengths calculated here (1.8435 Å) 
and by using ab initio theory (1.85 Å) are in good agreement 
with the experimental values of 1.83Å to 1.89 Å. 
We have compared our semi-empirical calculations with 
density functional theory (DFT) for a variety of carborane 
clusters [41]. Although the total energy is probably better es-
timated using DFT, there are, however, serious defi ciencies in 
using ab initio DFT to model electronic structure of the closo-
carboranes. Ab initio molecular calculations have been under-
taken for ortho-phosphacarborane (1,2-PCB10H11) [40, 42], 
but the electronic structure was not provided by the authors. 
For the work undertaken here, a calculated density of 
states was obtained by applying equal Gaussian envelopes 
of 1 eV width to each molecular orbital binding energies (to 
ac count for the solid state broadening in photoemission) and 
then summing, in addition to a rigid energy shift applied to the 
calculated electronic structure. 
TABLE 1 Crystal structure data, bond lengths [Å] and angles [o] for 
closo -1-phospha-2-carbadodecaborane (1,2-PCB10H11). 
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Electronic structure of the molecular fi lms 
Orthocarborane (1,2-C2B10H12) adsorbs associa tively on 
Cu(100) and Ag at low temperatures (~ 180 K) [7, 22] and 
molecularly desorbs from Cu(100) at approxi mately 450 K 
[22]. If anything, 1,2-PCB10H11 is more weakly bound to Ag 
and Au substrates. Thus although, 1,2-PCB10H11 also adsorbs 
at low temperatures (~ 180 K), 1,2-PCB10H11 molecularly de-
sorbs at approximately 300 K, as indicated by the combined 
photoemission and inverse photoemission spec tra. This is con-
sistent with our estimates that the sticking coeffi cient for 1,2-
PCB10H11 is 18 times smaller than for 1,2-C2B10H12 on noble 
metal surfaces. From the attenuation of the substrate valence 
band signal, we estimate that expo sure of the Cu(100) and Ag 
surfaces, at 180 K, to 8 Lang muirs (1L = 10−6 Torr · sec) 1,2-
C2B10H12 results in comple tion of a monolayer, whereas 120 
Langmuirs of 1,2-PCB10H11 was required to generate a mono-
layer on Ag substrates at 180 K. This corresponds to a stick-
ing coeffi cient of 0.18 for 1,2-C2B10H12 (orthocarborane) and 
a sticking coeffi cient of 0.01 for 1,2-PCB10H11 (ortho-phos-
phacarborane) assuming an ion gauge cross-section identical 
to N2 and a density of 4 × 1018 molecules/m2 for a monolay-
er (ML). The ordering of the sticking coeffi cients thus appears 
somewhat related to the number of C–H bonds. 
In Fig. 2 we present a series of both inverse photoemis-
sion electron spectroscopy (IPES) and photoemission elec-
tron spectroscopy (PES) spectra of 1,2-PCB10H11 fi lms on 
Ag(111) as a function of fi lm thickness. Film thicknesses of 
up to 12.2 monolayers (ML) are shown. With adsorption of 
1,2-PCB10H11, the unoccupied s-p band and the image state 
(~ 4.3 eV) of the Ag substrate are suppressed, as are the occu-
pied Ag 4d bands. The lowest unoccupied molecular orbit-
als (LUMO) become discernible at approximately 5–7 ML of 
coverage at an energy of about 2.5 eV above the Fermi level. 
The highest occupied molecular orbitals (HOMO) are readily 
apparent in the photoemission spectra at a binding energy of 
about 6.2 ± 0.3 eV below the Fermi level as the Ag substrate 
signal is suppressed with increasing 1,2-PCB10H11 coverage, 
as seen in Fig. 2. The highest occupied (HOMO) to lowest un-
occupied (LUMO) gap was observed to be 7.9 ± 0.4 eV from 
the combined photoemission and inverse photoemission mea-
surements, in reasonable agreement with our calculated value 
of 8.27 eV, as summarized in Fig. 3. 
This type of agreement between calculated and experi-
mental values for the highest occupied (HOMO) to lowest un-
occupied (LUMO) gap appears to be typical of the closo car-
boranes. Although somewhat larger, the HOMO to LUMO 
gaps for 1,2-C2B10H12 on copper and silver (11.3 eV) and 1,7-
C2B10H12 (metacarborane) on silver and gold (10.0 eV), based 
on the binding energies derived from photoemission and in-
verse photoemission, are in reasonable agreement with theory 
(10.97 eV and 10.92 eV respectively using the MNDO meth-
od and 10. eV and 10. 0 eV, respectively, using the PM3 meth-
od) [7, 17], as indicated in Fig. 3. We attribute the smaller 
HOMO-LUMO gap in 1,2-PCB10H11, when compared to 1,2-
C2B10H12, as due in part to the strain arising from incorpora-
tion of the larger phosphorus atom into the icosahedral cage. 
FIGURE 2 Normal emission photoemission and normal incidence 
inverse photoemission spectra of 1,2-PCB10H11 on Ag(111) as a 
function of cov erage in molecular monolayers (ML). The photoemis-
sion spectra were ac quired with a photon energy of 65 eV. Vertical 
lines represent the theoretical molecular orbital binding energies (at 
the bottom of the fi gure) and provide a HOMO-LUMO gap of 8.3 eV 
compared to the experimental HOMO -LUMO gap of 7.9 eV, as in-
dicated. 
FIGURE 3 Combined UPS (left) and IPES (right) spectra (solid 
line) of molecular fi lms of 1,2-C2B10H12 (a) and 1,2-PCB10H11 (b), 
along with the calculated density-of-states for each molecule. The 
UPS and IPES signals are related to the contributions from the oc-
cupied and unoccupied molecular orbitals, respectively. The experi-
mental HOMO-LUMO gaps are indicated. 
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From our results in Figs. 2 and 3, we see that the band gap of 
the molecular 1,2-PCB10H11 fi lm is largely determined by the 
molecular HOMO-LUMO gap. 
As noted elsewhere [7], there is very little difference in the 
observed electronic structure of adsorbed molecu lar orthocar-
borane (1,2-C2B10H12) on Cu and Ag sub strates at 180 K. The 
photoemission features of adsorbed molecular orthocarbo-
rane (1,2-C2B10H12) on Cu(100), at −5.7, −8.5 and −11.4 eV 
(E − EF), are shifted to slightly higher binding energies for 
adsorbed molecular orthocarbo rane (1,2-C2B10H12) on Ag as 
these features appear at −5.9 eV, −8.9 eV and −11.5 eV. There 
are more differences in the observed electronic structure of 
adsorbed molecular ortho-phosphacarborane (1,2-PCB10H11) 
on Ag and Au sub strates at 180 K. The photoemission binding 
energies for ortho-phosphacarborane (1,2-PCB10H11) on Ag 
are at −7.3, −9.2 eV and −12 eV (E − EF), while the photo-
emission fea tures of ortho-phosphacarborane (1,2-PCB10H11) 
on Au are at −7. , −8.3 eV and −11.3 eV (E − EF). There are, 
however, more signifi cant differences between molecular 
orthocarbo rane (1,2-C2B10H12) and molecular ortho-phospha-
carborane (1,2-PCB10H11). 
There is an unexpected difference between the placement 
of the 1,2-C2B10H12 lowest unoccupied (LUMO) band (an E − 
EF of 5.6 eV) [7,17] and that of the 1,2-PCB10H11 low est un-
occupied (LUMO) band (an E − EF of 2.4 eV on Au and an E 
− EF of 1.9 eV on Ag). The HOMO-LUMO gap center is off-
set with respect to the Fermi level differently for the two mol-
ecules by more than 3 to 4 eV, that is to say that the Fermi lev-
el is placed some 3 to 4 eV closer to the low est unoccupied 
(LUMO) band edge for 1,2-PCB10H11 than is the case for 1,2-
C2B10H12. In this regard, 1,2-PCB10H11 more closely resembles 
1,7-C2B10H12 [7, 19, 20] and C60 where the Fermi energy lies 
just below the LUMO (the conduction band minimum) [43–
45]. Without knowing the majority car rier, we believe these re-
sults suggest that 1,2-PCB10H11 forms a molecular semicon-
ducting thin fi lm that is strongly n-type compared to the slight-
ly p-type and insulating 1,2-C2B10H12 molecular fi lms. 
This shift in the relative energies of the lowest unoccu-
pied molecular orbitals (relative to the Fermi level) seems to 
be intrinsic to the differences between 1,2-PCB10H11 and 1,2-
C2B10H12. The origin of the differences in molecular or bital 
placement relative to the Fermi level may, nonetheless, be 
a solid state effect as the difference in the placement of the 
chemical potential of this magnitude are not evident in our 
simple ground state calculations. The calculations of the or-
bital energies are offset from the experimentally determined 
values of the condensed phase by approximately 3.9 eV for 
1,2-PCB10H11 while a shift of some 5.3 eV must be applied 
to the calculated electronic structure of 1,2-C2B10H12. The dif-
ference between the isolated free cluster and the condensed 
fi lm can be, in part, accounted for in terms of the work func-
tion of the substrate. The differences in this value between 
1,2 PCB10H11 and 1,2-C2B10H12 appear to require the inclusion 
of other solid state effects and consideration of differences in 
the molecular electron affi nities, as work function of Ag and 
Cu surfaces differs little [46]. Furthermore, as noted above, 
the electronic structure of multilayer molecular fi lms of 1,2-
C2B10H12 differ little when adsorbed on copper and silver (by 
about 300 m eV) [7], but are signifi cantly different from mo-
lecular 1,2-PCB10H11 on silver or gold. 
The arguments that 1,2-C2B10H12 is more “p-type” due to 
the multiple bond character in the C–C bond [18] that we have 
used previously [17] would not seem to fully apply as an in-
tra-icosahedral phosphorus adjacent to carbon should result in 
1,2-PCB10H11 exhibiting similar properties to 1,2-C2B10H12. It 
is true, however, that the electron affi nity level is some what 
lower for molecular 1,2-PCB10H11 (the LUMO orbital energy 
is at −1.96 eV from the PM3 calculations) than for mo lecular 
1,2-C2B10H12 (the LUMO orbital energy is at −0.7 eV from 
the PM3 calculations) but this roughly 1 eV shift only partly 
accounts for the 3 to 4 eV shift observed between the 2 mole-
cules, when adsorbed in multilayer fi lms on noble metal sub-
strates. 
Molecular symmetry is not a plausible explanation for the 
shift in molecular orbitals between 1,2-PCB10H11 and 1,2-
C2B10H12 and molecular symmetry does not alter the fact that 
the valence electron counts are identical. Although it is known 
that a lowering of orbital symmetry can occur with molecu-
lar adsorption [47], 1,2-PCB10H11 has little in the way of sym-
metry operations as an isolated molecule (C1 h), so adsorp-
tion will change the symmetry very little (if at all) while inter-
face bonding should not affect the surface of a molecular fi lm 
many molecular layers thick. Interface bonding effects tend 
to be ex cluded by the coverage dependence of the electronic 
structure noted below, and the weak interaction expected with 
Au and Ag substrates. 
From difference spectra (although subtracting the pho-
toemission and inverse photoemission spectra to obtain the 
molecular states of 1,2-PCB10H11 is fraught with consider-
able uncertainty for low molecular coverages) there is no ev-
idence of band bending or Schottky barrier formation aris-
ing from the molecular fi lm to substrate interface. The 
molecu lar 1,2-PCB10H11 fi lms are the largely coverage in-
dependent molecular orbital binding energies, as plotted 
FIGURE 4 The binding energies of the HOMO (triangles), the 
LUMO (cir cles), and the exopolyhedral state (squares) of 1,2-
PCB10H11 on Ag and Au, referenced to the substrate Fermi level, as 
a function of 1,2-PCB10H11 cover age. Included are the HOMO and 
LUMO energies of the free clusters which have been derived from 
PM3 calculations. The inset is an illustration of the 1,2-PCB10H11. 
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in Fig. 4. This is somewhat different from 1,2-C2B10H12 mo-
lecular fi lms for which increasing coverage shifts the LUMO 
states to higher energies, i.e., away from the Fermi level, 
while sim ultaneously becoming more highly resolved [39]. 
In Fig. 5, we have also plotted the energy of the HOMO and 
LUMO states of 1,2-C2B10H12, relative to the substrate Fermi 
level, as a function of coverage. We see that as the fi lm cov-
erage increases the HOMO and LUMO diverge from one an-
other, with the HOMO shifting to higher binding energies and 
the LUMO to lower binding energies. These shifts do not fol-
low the changes in the work function and therefore are not due 
to changes in the surface potential. If we consider band bend-
ing (an initial state effect) or strong chemical interface effects 
(also an initial state effect), then we would expect the energies 
of both the HOMO and the LUMO, relative to the Fermi lev-
el, to rigidly shift in the same direction. Since the HOMO and 
the LUMO symmetrically diverge from one another, and the 
Fermi level, we can rule out band bending and charge trans fer 
initial state effects in the case of molecular adsorption of ei-
ther 1,2-PCB10H11 or 1,2-C2B10H12. 
We can understand these symmetric shifts of the HOMO 
and LUMO away from the Fermi level with increasing 1,2-
C2B10H12 coverage in terms of the infl uence of the metal 
substrate [39]. Such shifts have also been observed with in-
creasing C60 coverage on a variety of substrates [48–50], as 
well as alkane molecular fi lms [51]. As with 1,2-C2B10H12, a 
large portion of the shifts in the molecular orbital binding en-
ergies takes place during the adsorption of the fi rst two mo-
lecular layers. There may be similar perturbations in the 
one to four molecular monolayers coverage range for 1,2-
PCB10H11, but these are not as signifi cant as observed in 1,2-
C2B10H12. Such symmetric shifts away from the Fermi level 
of both the occupied and unoccupied states are characteristic 
of fi nal state effects [39, 52, 53]. It is diffi cult to invoke initial 
state effects when the molecular orbitals of the 1,2-C2B10H12 
are only slightly perturbed upon condensation. This is not 
observed with the 1,2-PCB10H11 which do not shift, but the 
suppres sion of fi nal state effects upon the photoemission and 
inverse photoemission of 1,2-PCB10H11 molecular fi lms may 
be due to the proximity of the LUMO and exopolyhedra states 
(dis cussed below) to the Fermi level which is not the case for 
1,2-C2B10H12. 
Apart from an unoccupied state that appears very close to 
the Fermi level in the inverse photoemission spectra, mo lecular 
orbital features observed in photoemission and in verse photo-
emission from the thick 1,2-PCB10H11 molecular fi lms are in 
excellent agreement with the theoretical semi-empirical molec-
ular orbital calculations, indicated at the bot tom of Fig. 3b. 
Exopolyhedral states? 
 The placement of the Fermi level within the HOMO-
LUMO gap is possibly due to impurities and molecu lar frag-
ments, but this is diffi cult to reconcile with the data. At the 
onset of multilayer growth, a weak state appears within the 
HOMO-LUMO gap at approximately 0.7 eV above the Fer-
mi level, as indicated in Figs. 2 and 3b. We see from Fig. 4, 
the binding energy of this feature, relative to the Fermi level, 
is coverage independent, much like the LUMO and HOMO 
states. Since there is no counterpart to this state in the mo-
lecular orbitals of 1,2-PCB10H11, we must conclude that it is 
an exopolyhedral state and possibly extramolecular. This state 
could arise from defects, molecular misorientation, or from 
the loss of exopolyhedral hydrogen. An alternative possibility 
is an extrinsic state arising from cluster-cluster hybridization. 
A similar state is observed within the HOMO-LUMO gap at 
approximately 3 eV above the Fermi level in 1,2-C2B10H12 
molecular fi lms [7, 17, 39], as seen in Fig. 3a. 
The exopolyhedral state persists beyond a few monolay-
ers provided the growth rate is slow. Only when thick fi lms 
are grown at high growth rates is the exopolyhedral state ab-
sent from the inverse photoemission (IPES) spectra. This is 
evident by comparing the inverse spectra of a 6.8 monolay-
er thick fi lm, grown at rapid rate, with the 5.6 and 12.2 mono-
layer thick fi lms grown at slower rates, in Fig. 2. If thick fi lms 
are annealed at low temperatures (250 K), the exopolyhedral 
state returns, while the LUMO density of states is left large-
ly unperturbed. It is clear that this exopolyhedral state cannot 
be the LUMO since the LUMO should be independent of or-
der within the fi lm. Furthermore, the good agreement between 
theory and experiment indicates that solid state effects are 
minimal in the thicker molecular fi lms. 
Vibrational modes 
Another test of weak molecular interactions be tween mol-
ecules is to examine the vibrational modes. In Fig. 6, we com-
pare the high resolution infra-red absorption through 1,2-
FIGURE 5 The binding energies of the HOMO (triangles), 
the LUMO (cir cles), and the exopolyhedral state (squares)of 
1,2-C2B10H12 on Cu(100), referenced to the substrate Fermi 
level, as a function of 1,2-C2B10H12 cov erage. Included are 
the HOMO and LUMO molecular orbital energies of the free 
clusters which have been derived from MNDO (modifi ed ne-
glect of differential overlap) calculations [7, 10, 19, 20]. 
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PCB10H11 crystals with the calculated vibrational modes. 
There are obviously many more calculated modes than ob-
served as a number of vibrational modes are not strongly di-
pole active. In general, though, the agreement be tween theory 
and experiment is quite good, as summarized in Table 2. The 
only indication of solid state effects is the generally slight-
ly softer (smaller energy) of the observed vibrational modes 
when compared to expectation. 
The various υ(B–H) stretch modes are not degenerate, 
leading to a broader and intense vibrational band at 2575 
cm−1. This is expected as the distortion of the cage by the 
polyhedral phosphorus is signifi cant. A somewhat similar ef-
fect is also observed for the various υ(B–H) stretch modes of 
1,2-C2B10H12 resulting in a number of closely lying vibra-
tional bands between 2559 to 2623 cm−1 [54–56]. The strong 
bending δ (HCB) mode 1120 cm−1 observed for 1,2-PCB10H11 
has a similar loss energy of about 1140 cm−1 for 1,2-C2B10H12 
[54–56]. Similarly, the υ(C–H) stretch mode observed at 3040 
cm−1 for 1,2-PCB10H11 has its counterpart at about 3064 cm
−1 
for 1,2-C2B10H12 [54–56]. 
The large number of bending and rocking B–H vibration-
al modes expected between 760 cm−1 and 848 cm−1 are gener-
ally not observed in our high resolution IR absorption as they 
are not very dipole active, although the bending B–H mode 
that is coupled to a skeletal B–B mode at 824 cm−1 is more 
strongly dipole active and is observed at 870 cm−1. Some of 
these modes are observed for 1,2-PCB10H11 in solution by Ra-
man spectroscopy [57], as summarized in Table 2. The IR ab-
sorption loss observed at 735 cm−1 contains both B–H modes 
that are coupled to a skeletal mode as well as C–B and P–
C stretching modes, as indicated in Table 2, thus explain the 
somewhat greater width of this feature. 
The vibrational modes between 250 cm−1 and 750 cm−1, 
noted previously for 1,2-PCB10H11 [37], are related to skeletal 
modes. The breathing mode we observe at 735 cm−1 has been 
previously observed at 740 cm−1 for 1,2-PCB10H11 in solution 
[c], although semi-empirical theory places the mode at 727 
cm−1 [40]. The observed loss is in generally good agreement 
with our calculated values. Many of these modes that are not 
observed in the molecular solid are observed in so lution, par-
ticularly if coupled to a wagging or bending B–H mode [57]. 
These differences (as summarized in Table 2) could be due to 
a response from the solution (increasing the dipole response in 
IR), or cage screening in the solid state (decreasing the dipole 
response for the condensed molecu lar fi lm). The latter expla-
nation, invoking a response of the molecular solid to some vi-
brational modes, is also suggested by the fact that we do ob-
serve some modes in our infra red absorption spectra that are 
not observed in solution (al though they are observed in the so-
lution Raman spectrum of 1,2-PCB10H11 [57]) when the di-
pole change involved is large. 
In spite of some differences between our infra-red absorp-
tion spectrum of the 1,2-PCB10H11 in a molecular solid and in 
the previously obtained results for 1,2-PCB10H11 in solution, 
there is no strong evidence of strong solid state intermolecu lar 
interactions. In particular, we fi nd no evidence from the vibra-
tional spectra of dipole-dipole coupling given the good agree-
ment of theory with experiment. While intermolecular interac-
tions are certainly implicated in the combined photoemission 
and inverse photoemission studies undertaken, the absence of 
dipole–dipole coupling in the vibronic structure is consistent 
with disorder in molecular orientation observed in X-ray dif-
fraction. 
Semiconductor growth and characterization 
We fi nd that the electronic structure (molecular orbitals) of 
the 1,2-PCB10H11 closo-carborane molecular fi lms is refl ect-
ed in the tendency of 1,2-PCB10H11 to form a more n-type 
semiconductor upon decomposition, when compared to the 
semiconducting boron carbide formed from the decompo-
sition of 1,2-C2B10H12, orthocarborane. We have fabricated 
a number of diodes by plasma enhanced chemical vapor de-
position (PECVD) including heterojunction diodes with sili-
con [1–4, 15, 16] and homojunction diodes [13] of boron-car-
bide as well as diodes made from two polytypes of boron-car-
bide [5–7]. The latter device fabrication was a further dem-
onstration that n-type and p-type boron-carbides are formed 
from the decomposition of metacarborane and orthocarborane 
respectively [7]. Thus to confi rm that 1,2-PCB10H11 forms an 
n-type boron-carbide similar to that found from the decom-
position of metacarborane (1,7-C2B10H12) or a p-type boron-
carbide, as occurs from the decomposition of orthocarborane 
(1,2-C2B10H12), we fabricated a number of different diodes on 
sputtered silicon surfaces from silicon wafers of various dop-
ing levels with p or n dopants. 
The diodes were constructed using PECVD, as described 
for other boron carbide heterojunction diodes with silicon [1–
4, 14–16]. These heterojunction diodes formed from the plas-
ma-enhanced decomposition of 1,2-PCB10H11 (as the source 
gas carborane) deposited on cleaned, etched p-type silicon, 
compare favorably (Fig. 7a) with devices fabricated from oth-
er carboranes [1–4, 15, 16], but show poor diode characteris-
tics when formed on an n-type silicon (Fig. 7b). 
This is not compelling proof of the majority character for 
FIGURE 6 The infra-red absorption spectra of 1,2-PCB10H11, as 
a function of energy in cm−1. The calculated vibrational modes are 
shown as bars at the bottom of the fi gure. The assignments and val-
ues are summarized in Table 2. 
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TABLE 2 Comparison of calculated vibrational modes of closo-1-phospha-2-carbadodecaborane (1,2-PCB10H11) with high resolution infra-
red absorp tion. The vibrational modes are roughly identifi ed by υs,a for symmetry or antisymmetric stretching modes, δ for bending modes, w 
for wagging modes, r for rocking modes, and t for twisting modes but because of the low point group symmetry and the coupling to skeletal 
modes, the assignments are sometimes ambiguous. {*} indicates this work and {†} refers to reference [57]. 
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this class of a heteroatom semiconducting boron carbide, but 
does suggest that an n-type boron carbide may be formed from 
1,2-PCB10H11. If the decomposition of 1,2-PCB10H11 formed 
a p-type material, then while a rectifying p– p+ heterojunc tion 
diode is certainly possible, the diode characteristics ob served 
must result in a material less p-type than the silicon substrate. 
Similarly, if the decomposition of 1,2-PCB10H11 does result in 
a p-type material, it is then diffi cult to un derstand why the p–
n junction heterojunction diode should not show better recti-
fi cation. Accordingly, we are left to con clude that the decom-
position of 1,2-PCB10H11 most likely leads to the formation 
of an n-type semiconductor. It must be pointed out that this is 
not a direct measurement of n-type character in the semicon-
ductor formed from the PECVD of 1,2-PCB10H11, which must 
be confi rmed with further meas urements. Nevertheless, it ap-
pears that 1,2-PCB10H11 is simi lar to metacarborane and orth-
ocarborane, where the position of the Fermi level in their re-
spective molecular fi lms is consis tent with the formation of 
n-type and p-type boron-carbides from the decomposition of 
metacarborane and orthocarborane of the respective carborane 
[7]. 
This similarity of the “boron carbide” semiconduc-
tor formed from the plasma enhanced decomposition of 1,2 -
PCB10H11 to the boron carbide semiconductor formed from 
the decomposition of metacarborane (1,7-C2B10H12), is dem-
onstrated by our ability to make a diode from the deposi tion 
of a PCB10Hx fi lm, by the partial dehydrogenation of 1,2 -
PCB10H11 through PECVD, on C2B10Hx, derived from or-
thocarborane (1,2-C2B10H12) through PECVD. These diodes 
do rectify (as seen in Fig. ), but with relatively large leak age 
currents (compared to the forward current). The leakage cur-
rents appear signifi cant, particularly when compared all bo-
ron carbide diodes formed from the PECVD semiconducting 
boron carbides from metacarborane (1,7-C2B10H12) and orth-
ocarborane (1,2-C2B10H12), respectively [5–7]. The n -PCB-
10Hx /p-C2B10Hx diodes are another, more compelling, dem-
onstration of the tendency of 1,2-PCB10H11 to form a more n-
type semiconductor, upon decomposition, than the semicon-
ducting boron carbide formed from the decompos ition of 1,2-
C2B10H12, orthocarborane. 
The n-PCB10Hx/p-C2B10Hx diodes, like the boron car bide 
semiconductor n-C2B10Hx/p-C2B10Hx diodes, also ex hibit 
fourth quadrant conductivity when illuminated with vis ible 
light, as seen in Fig. 8. Although generally very small, some 
photoconductivity is observed in these diodes under illumina-
tion of white visible light (dashed line), when com pared to I(V 
)curves taken in the dark (solid line), as indicated in Fig. 8. 
The origin of the larger leakage currents from PCB10Hx /
C2B10Hx diodes is, as yet, unknown, but PCB10Hx fi lms, 
formed by the partial dehydrogenation of 1,2-PCB10H11 
through PECVD, does appear to have a smaller sheet resis-
tance (108 Ωcm) compared to the corresponding C2B10Hx 
formed by the partial dehydrogenation of metacarborane (1,7-
C2B10H12) through PECVD (10
11 Ωcm to 1012 Ωcm). At this 
point we can only speculate, but it may well be that PCB10Hx 
fi lms may be far more n-type than the corresponding C2B10Hx 
formed by the partial dehydrogenation of metacarborane (1,7-
C2B10H12) through PECVD. Further investigation of the car-
rier concentrations is clearly indicated. Nonetheless, this ap-
pears to be the fi rst report of a semiconducting PCB10Hx, from 
which diode fabrication is clearly possible. The promise of a 
semiconducting PxCB10Hx suggested by earlier stud ies [14] 
and, more importantly, the ability to be able to obtain consis-
tently doped thin fi lms, now appears to be realized. 
Summary 
The placement of the chemical potential closer to the con-
duction band edge (the lowest unoccupied molecular orbital 
FIGURE 7 Heterojunctions formed by the plasma enhanced 
decompos ition of 1,2-PCB10H11 on p-type silicon (boron doped) with 
a resistivity of 10–20 Ωcm (a), and on n-type silicon (phosphorous 
doped) with a resistiv ity 2–30 Ωcm (b). Note that (a) shows the typi-
cal rectifying characteristics of a diode while (b) does not. 
FIGURE 8 Heterojunctions formed by the plasma enhanced decom-
position of 1,2-PCB10H11 on p-type boron carbide formed by the 
plasma enhanced decomposition of 1,2-C2B10H11. Note, some photo-
conductivity is observed in these diodes under illumination of white 
visible light (dashed line) com pared to I(V )curves taken in the dark 
(solid line). 
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of the 1,2-PCB10H11 molecular fi lm), and the presence of a de-
fect state just above the Fermi level(that is depen dent upon an-
nealing conditions) argues for strong solid-state effects in the 
molecular fi lm. On the other hand, the ab sence of band bend-
ing like effects, the striking similarity of the 1,2-PCB10H11 in-
duced photoemission and inverse pho toemission features to 
the molecular orbitals expected for an isolated 1,2-PCB10H11 
molecule, the IR absorption spectra re semblance to the ex-
pected vibrational spectrum and the very low sticking coeffi -
cient for adsorption suggest otherwise. The molecular interac-
tions in a 1,2-PCB10H11 molecular fi lm gen erally to appear to 
resemble that of weak chemisorption or physisorption. 
The electronic structure of the molecular carborane fi lms 
is not always a good indicator of the semiconducting prop-
erties resultant boron-carbide C2B10Hx, formed by the par tial 
dehydrogenation and deposition of corresponding car bide 
through PECVD [58, 59]. Yet, for the n-type boron car bide 
formed from metacarborane (1,7-C2B10H12) [7, 17], the p-type 
boron-carbide, derived from the decomposition of orthocarbo-
rane (1,2-C2B10H12) [7, 17], the placement of the Fermi level 
in the electronic structure of the molecular fi lm does appear to 
be correlated. The tendency of 1,2-PCB10H11 to form a more 
n-type semiconductor upon decomposition, when compared to 
the semiconducting boron carbide formed from the decompo-
sition of 1,2-C2B10H12, orthocarborane suggests that the place-
ment of the Fermi level, in molecular fi lms of 1,2-PCB10H11, 
may also provide an indication of the resulting semiconduct-
ing thin fi lm. 
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